Missense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene can cause late-onset Parkinson disease. Past studies have provided conflicting evidence for the protective effects of LRRK2 knockdown in models of Parkinson disease as well as other disorders. These discrepancies may be caused by uncertainty in the pathobiological mechanisms of LRRK2 action. Previously, we found that LRRK2 knockdown inhibited proinflammatory responses from cultured microglia cells. Here, we report LRRK2 knockout rats as resistant to dopaminergic neurodegeneration elicited by intracranial administration of LPS. Such resistance to dopaminergic neurodegeneration correlated with reduced proinflammatory myeloid cells recruited in the brain. Additionally, adeno-associated virus-mediated transduction of human α-synuclein also resulted in dopaminergic neurodegeneration in wild-type rats. In contrast, LRRK2 knockout animals had no significant loss of neurons and had reduced numbers of activated myeloid cells in the substantia nigra. Although LRRK2 expression in the wild-type rat midbrain remained undetected under nonpathological conditions, LRRK2 became highly expressed in inducible nitric oxide synthase (iNOS)-positive myeloid cells in the substantia nigra in response to α-synuclein overexpression or LPS exposures. Our data suggest that knocking down LRRK2 may protect from overt cell loss by inhibiting the recruitment of chronically activated proinflammatory myeloid cells. These results may provide value in the translation of LRRK2-targeting therapeutics to conditions where neuroinflammation may underlie aspects of neuronal dysfunction and degeneration.
Missense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene can cause late-onset Parkinson disease. Past studies have provided conflicting evidence for the protective effects of LRRK2 knockdown in models of Parkinson disease as well as other disorders. These discrepancies may be caused by uncertainty in the pathobiological mechanisms of LRRK2 action. Previously, we found that LRRK2 knockdown inhibited proinflammatory responses from cultured microglia cells. Here, we report LRRK2 knockout rats as resistant to dopaminergic neurodegeneration elicited by intracranial administration of LPS. Such resistance to dopaminergic neurodegeneration correlated with reduced proinflammatory myeloid cells recruited in the brain. Additionally, adeno-associated virus-mediated transduction of human α-synuclein also resulted in dopaminergic neurodegeneration in wild-type rats. In contrast, LRRK2 knockout animals had no significant loss of neurons and had reduced numbers of activated myeloid cells in the substantia nigra. Although LRRK2 expression in the wild-type rat midbrain remained undetected under nonpathological conditions, LRRK2 became highly expressed in inducible nitric oxide synthase (iNOS)-positive myeloid cells in the substantia nigra in response to α-synuclein overexpression or LPS exposures. Our data suggest that knocking down LRRK2 may protect from overt cell loss by inhibiting the recruitment of chronically activated proinflammatory myeloid cells. These results may provide value in the translation of LRRK2-targeting therapeutics to conditions where neuroinflammation may underlie aspects of neuronal dysfunction and degeneration.
PARK8 | rat knockout | NACP | SNCA | CD68 M issense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene can be found in many families that transmit classical late-onset Parkinson disease (PD) from one generation to the next. Notably, these mutations are prevalent in the Ashkenazi Jewish and North African Arab Berber populations in more than 20% of PD cases (1, 2) . Genome-wide association studies further provide evidence that links LRRK2 to PD susceptibility, with several risk alleles being identified in LRRK2 (3, 4) . Association studies have also linked LRRK2 to Crohn disease and Hansen disease (5, 6) . Although LRRK2 is widely considered an exciting target for therapeutic approaches in PD, the pathobiological role of LRRK2 as a critical modifier of disease susceptibility is not well understood. Additional insights into LRRK2-linked molecular pathways relevant to PD and neurodegeneration may enable more predictive preclinical studies.
PD is pathologically characterized by both α-synuclein inclusions called Lewy bodies and Lewy neurites and the profound loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc). The absence of LRRK2 has been shown to impair α-synuclein inclusion formation, neuron loss, and microglia activation in mice overexpressing mutant α-synuclein (7). However, other studies that have crossed LRRK2 knockout mice with different α-synuclein transgenic mice did not observe robust protection from the formation of α-synuclein pathology or differences in animal survival rates (8, 9) . Because these α-synuclein transgenic mice do not have loss of dopaminergic neurons in the SNpc, it is not known whether LRRK2 may modify α-synucleinmediated dopaminergic cell loss and associated critical phenotypes relevant to PD.
Besides neuronal LRRK2 expression, high levels of LRRK2 have been recently detected in activated myeloid lineage cells that include macrophages and microglia (10, 11) . In cultured rat microglia cells, we found that LRRK2 expression is induced upon activation. RNA-interference knockdown of LRRK2 reduces immune responses induced by the toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS) (10) . Both LPS exposure and overexpression of human α-synuclein via viral vectors produce selective dopaminergic neuron death in rodents (12, 13) , but LRRK2 function has not been previously evaluated in either model system. The LPS receptor TLR4 is poorly or not expressed in neurons and requires the function of innate immune cells including microglia and macrophages to elicit neurodegeneration. α-synuclein-related toxicities in the midbrain also appear to require innate immune cell action, as MHC-II knockout mice are protected from dopaminergic neurodegeneration (14) . We therefore hypothesized that LRRK2 pathobiological function may not be fully appreciated without significant neuroinflammatory mechanisms driving aspects of neuronal dysfunction and degeneration in model systems.
Here, we sought to clarify the role of LRRK2 in neurodegeneration using several paradigms of dopaminergic neuronal loss that are known to depend, in part, on the effects of neuroinflammation. We observed profound neuroprotection from LPS exposures as well as inflammation and dopaminergic degeneration caused by the overexpression of human α-synuclein in LRRK2 knockout rats. These studies should provide a rationale, as well as possible preclinical platforms, for the evaluation of future therapeutics (e.g., clinical-candidate LRRK2 kinase inhibitors) that reduce LRRK2 activity.
Significance
Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most common known genetic cause of late-onset Parkinson disease, but the mechanisms underlying LRRK2 action in neurodegeneration are not clear. We demonstrate that rats deficient in LRRK2 expression are protected from dopaminergic neurodegeneration caused by overexpression of α-synuclein or exposure to LPS. LRRK2 expression is induced in proinflammatory brain myeloid cells under pathological conditions. Our results suggest that LRRK2 inhibition may have important neuroprotective effects by critically modulating neuroinflammatory responses. LRRK2 inhibition may therefore be a potentially efficacious approach to slow or stop the progression of brain disorders where myeloid cell activation drives aspects of dysfunction.
Results
Recently, LRRK2 KO rats in the outbred Long-Evans background (Charles Rivers) became commercially available. Zincfinger nucleases were used to genetically modify the LRRK2 gene with an in-del in exon 30 that results in a premature stop codon in the same exon (Fig. S1A) . We verified complete knockdown of protein using both N-terminal and C-terminal targeting LRRK2 monoclonal antibodies (Fig. S1B) . We performed stereological analysis in a cohort of rats to estimate the normal content of tyrosine hydroxylase (TH)-positive dopaminergic neurons in the SNpc. We observed no differences, indicating that LRRK2 is not required for dopaminergic neuron development in rats (Fig. S1C) .
In vitro evidence suggests that LRRK2 knockdown attenuates proinflammatory responses induced by LPS exposure (10) . We first evaluated several endotoxin dosages of ultrapurified LPS (Invivogen, Inc.) in rodents and found that 50 kE.U. (endotoxin units) produced a significant lesion 2 wk after introduction to the SNpc. Because outbred strains like Long-Evans are known for heterogeneity in phenotype and often demand larger groups for appropriately powered analyses, we assembled a cohort of 38 LRRK2 WT and KO rats (n = 19 per genotype) to evaluate the effects of LRRK2 knockdown on dopaminergic neuron survival after LPS exposure. Intracranial injection of LPS into the SNpc of WT rats resulted in an average loss of ∼40% of the population of TH-positive neurons in comparison with the loss of ∼20% observed in an equally sized cohort of LRRK2 knockout rats ( Fig. 1  A and B and Fig. S1D ). In contrast, introduction of the vehicle control, PBS, into the SNpc failed to cause any significant loss of TH-positive neurons in either LRRK2 WT or KO rats (Fig. S1E) .
LRRK2 expression has been detected in activated myeloid cells in the periphery and brain (10, 11) . We used CD68, a glycoprotein expressed in cells of the myeloid lineage, as a marker for activated microglia, macrophages, and monocytes. Although few or no CD68-positive cells could be detected in the noninjected SNpc in rats (always <100 cells across the whole SNpc in the cohort; Fig. 1D ), LPS exposure induced a significant recruitment of CD68-positive cells in the injected SNpc ( Fig. 1 C  and D) . Vehicle control injection alone resulted in only modest CD68-positive cell induction (Fig. 1C) . In rats lacking LRRK2, stereological counts demonstrated a significant reduction in CD68-positive cell recruitment compared with WT rats (Fig. 1C) . The number of CD68-positive cells recruited to the midbrain correlated with dopaminergic cell death in the SNpc (Fig. 1E) . A shift from ramified to amoeboid morphologies of ionized calciumbinding adapter molecule 1 (Iba1)/CD68-positive cells is indicative of myeloid cell activation (15) . In LPS-exposed tissue, all CD68-positive cells were also Iba1-positive, and analysis of cell contours illuminated by Iba1 staining in the midbrain demonstrated a shift from ramified to amoeboid cells in LPS-versus PBS-exposed SNpc tissue in WT rats. LRRK2 KO rats failed to develop comparable amoeboid cell morphologies despite robust CD68 expression (Fig. 1F) . Inducible nitric oxide synthase (iNOS) is a classical proinflammatory marker and could be detected in all CD68-positive cells in both LRRK2 WT and KO myeloid cells after LPS exposure. However, levels of iNOS were much more prominent in CD68-positive cells in the WT rats compared with the LRRK2 KO rats (Fig. 1G ). These results demonstrate that ablation of LRRK2 expression significantly reduced both dopaminergic neurodegeneration induced by LPS exposure as well as CD68-positive myeloid cell recruitment.
LPS has been applied to both in vitro and in vivo paradigms to investigate myeloid cell-derived neuroinflammatory responses. Direct α-synuclein exposures to microglia cells have been described to activate many of the same responses (16) . α-synuclein overexpression in the SNpc using recombinant adeno-associated virus (rAAV) has been previously found to produce a selective and relatively robust lesion of dopaminergic neurons, comparable to the level of neurodegeneration induced by LPS exposure (12, 13) . We titrated the rAAV virus expressing human WT α-synuclein to determine the minimum amount required to reliably transduce >90% of dopaminergic neurons in the SNpc of LongEvans LRRK2 WT and KO rats, as well as to ensure that LRRK2 WT and KO rats were similarly susceptible to viral transduction. We selected the amount of 6 × 10 9 viral particles delivered to the SNpc, and no differences were noted in the efficiency of transduction in LRRK2 WT or KO rats (Fig. S2 B and C) . Next, we measured the expression of exogenous and endogenous α-synuclein in both LRRK2 WT and KO rat midbrains 2 wk after intracranial injections. We found comparable expression levels of total α-synuclein levels as well as comparable soluble and insoluble α-synuclein levels (Fig. S3 A-C) .
To determine whether LRRK2 modifies α-synuclein-induced dopaminergic neurodegeneration, α-synuclein or eGFP viruses were unilaterally injected in 10-12-wk-old LRRK2 WT and KO rats (n = 100). Animals were killed at 4 wk, 8 wk, and 12 wk postinjection. Four animals, three KO and one WT, were excluded from this study due to an incomplete viral transduction of the SNpc and/or unsuccessful tissue processing. α-synuclein expression was evaluated in tissue sections using a human-isoformspecific monoclonal antibody (Syn208) or an antibody selective for α-synuclein pathologic inclusions (Syn514). In SNpc neurons in WT or KO rats labeled by either antibody, intracellular distribution of α-synuclein showed comparable punctate cytoplasmic staining (Fig. 2 B and C) . Surprisingly, LRRK2 KO animals showed more robust abnormal α-synuclein reactivity across the SNpc (Fig. 2A) .
Gross losses of SNpc neurons were apparent in WT but not LRRK2 KO rats (Fig. 2D ). An overall average loss of ∼30% of TH-positive dopaminergic neurons in WT rats was seen across the 4, 8, and 12 wk post-α-synuclein virus injection ( Fig. 2E and Fig. S4 A and B) . The extent of neurodegeneration did not vary between the three time points (one-way ANOVA, P > 0.1), indicating a nonprogressive loss of cells. At each of these time points, no significant loss of TH-positive neurons could be detected in LRRK2 KO rats. To verify that the reduction of TH-positive neurons in α-synuclein-transduced WT rats occurred due to cell loss instead of loss of TH expression, Nissl-positive cells in the SNpc were also counted, and similar differences were observed in WT but not KO animals (Fig. S4A) . As with the LPS-injected rat cohorts, no significant sex effects were observed in any group. The effects of matched titers of EGFP control virus did not vary between the LRRK2 WT and KO animals (Fig. S4C) . Prominent α-synuclein pathology could be detected in SNpc in both WT and LRRK2 KO rats. We observed a significant (P < 0.003) inverse correlation between α-synuclein pathology and the extent of neurodegeneration (Fig. 2F ). In rats with severe loss of TH-positive SNpc cells (e.g., 40%), fewer neurons were detected with abnormal α-synuclein expression (Fig. S5) . Because viral transduction and α-synuclein expression is equivalent at earlier time points before cell loss (Figs. S2 and S3) , transduced SNpc neurons with abnormal α-synuclein were lost in WT but not LRRK2 KO rats.
Microglial activation has been previously described in rAAV2-α-synuclein-transduced rodents (12, 14, 17) . In WT rats transduced with α-synuclein, we observed a significant recruitment of CD68-positive cells within the SNpc (Fig. 2 G-J) . Consistent with observations made in rats with LPS exposures (Fig. 1) , the number of CD68-positive cells recruited in response to α-synuclein expression were reduced in LRRK2 KO rats compared with WT rats (Fig. 2H ). In addition, there was a significant shift from ramified to amoeboid Iba1-positive cells in WT rats (Fig. 2 I and J) . These amoeboid, CD68/Iba1-positive cells that accumulated in the WT, but not LRRK2 KO, rats also demonstrated higher iNOS expression than ramified cells (Fig. 2J) . To probe LRRK2 expression within the myeloid cell fields induced by α-synuclein expression, we costained sections using LRRK2 monoclonal antibodies with optimized immunohistochemical protocols (18) in both ipsilateral and contralateral SNpc (Fig. 3) . LRRK2 signal overlapped well with CD68-positive cells. Colabeling experiments demonstrated that the highest LRRK2-expressing myeloid cells were also the strongest iNOS-expressing cells (Fig. 3 A-D) . In contrast, LRRK2 was not or weakly expressed in noninjected SNpc cells (Fig. 3E) . Similarly, LPS-induced Iba1/iNOS-positive cells also expressed LRRK2 protein (Fig. 3 I-L) . Thus, in WT rats, proinflammatory myeloid cells were the only LRRK2-positive cells that were detected in the midbrain. In LRRK2 KO rats, these proinflammatory myeloid cells were reduced in number and had reduced iNOS expression. 
Discussion
Here, we find that LRRK2 KO rats are robustly protected from dopaminergic neurodegeneration elicited by α-synuclein overexpression or LPS exposure. The neuroprotection in the LRRK2 KO rats coincides with reductions in proinflammatory CD68-positive myeloid cells. Activated CD68 myeloid cells also express LRRK2, consistent with previous reports of robust LRRK2 expression in activated cells of myeloid lineage derived from the periphery (11) . Overall, these data imply that inhibition of LRRK2 will protect against neuroinflammation and cell loss in PD.
One of the first reports using LRRK2 knockout mice showed a profound neuroprotection from α-synuclein overexpression in the forebrain (7). This neuroprotection was coupled with reductions in associated microglial activation. We extend observations made in the mouse models in four ways: (i) The neuroprotective effects seen in LRRK2 KO mice in the forebrain are also observed in rat midbrain dopaminergic neurons; (ii) LRRK2 expression in myeloid cells is correlated to proinflammatory responses induced by α-synuclein overexpression in the SNpc; (iii) LRRK2 KO rats are protected from dopaminergic neurodegeneration induced by a potent myeloid cell agonist, LPS; and (iv) neuroprotection in the LRRK2 KO was found in the rat midbrain where LRRK2 expression is normally low or nonexistent in both neurons and microglia.
The role of LRRK2 in proinflammatory myeloid cells such as monocytes, macrophages, and microglia is not clear, but it is known that LRRK2 expression is strongly induced upon their differentiation into a proinflammatory state (10, 11) . We confirm these results in vivo where we find LRRK2 expression overlaps well with iNOS expression. Moreover, the iNOS/CD68/LRRK2-positive cells described here are reminiscent of differentiated myeloid cells recruited both from resident surveying microglia and invading cells from the periphery. Additional studies are required to resolve the exact origins of LRRK2-positive myeloid cells. Ultimately, we envisage that LRRK2 action in myeloid cells may synergistically act together with other LRRK2-positive cells in the brain to produce susceptibility for PD. We further hypothesize that LRRK2 inhibition might benefit multiple neurodegenerative disorders where proinflammatory processes are associated with disease.
We cannot rule out important effects of LRRK2 function in neurons that are susceptible to degeneration in PD. For example, LRRK2 is likely expressed in dopaminergic neurons in rats but at very low levels that are difficult to detect (19) but nevertheless could drive critical aspects of neurodegeneration in the rats. In addition, LRRK2 expression in neurons outside of the midbrain may exert critical function on dopaminergic neurons in the SNpc in response to α-synuclein toxicities. Susceptible neurons overexpressing α-synuclein in WT rats were lost, whereas neurons in LRRK2 KO rats with comparable α-synuclein expression survived. We also evaluated later time points (i.e., 12-wk postviral injections) to determine if the loss of LRRK2 delayed but did not prevent SNpc cell loss, and still no significant neurodegeneration could be detected at these late time points. However, it is important to distinguish virally delivered human α-synuclein expression from emerging models of PD that harness transmissible α-synuclein fibrils (20) . Future studies are required to determine whether LRRK2 has a role in mediating other types of α-synuclein-dependent neurotoxicities.
Overall, our findings indicate LRRK2 as an exciting potential therapeutic target for neuroprotection strategies in PD. The discovery of potent and specific small molecule inhibitors that are near ready for implementation in vivo should allow for future translation to clinical applications (21) . PD cases with LRRK2 mutations that show typical late-onset PD may benefit from LRRK2 inhibition. Should LRRK2 function in a critical and ubiquitous aspect of pathobiology in PD, LRRK2 inhibition may provide benefit to PD cases without LRRK2 mutations. Furthermore, inhibition of LRRK2 may provide protection in other diseases in which neuroinflammation contributes to neurodegeneration.
Materials and Methods
Detailed materials and methods are available in SI Materials and Methods.
Animals. All experiments were approved by the local Institutional Animal Care and Use Committee. Long-Evans outbred rats in this study originated from the Charles Rivers collection and were obtained directly from SAGE Laboratories. All surgeries were performed in 10-12-wk-old animals.
Virus Production and Intracranial Surgery. rAAV2/1-α-synuclein and rAAV2/1-EGFP viruses were obtained from the Virus Core of the University of North Carolina. Ultrapurified LPS was obtained from Invivogen. Solutions were injected into the right SNpc at the following empirically derived coordinates: 4.65 mm posterior and 2.25 mm lateral to bregma, and 7.45 mm ventral relative to skull, with the needle bevel facing laterally, and a flow rate of 0.3 μL/min, maximum volume of 4 μL.
Immunohistochemistry and Immunofluorescence. Rats were PBS/paraformaldehyde perfused and brain sections obtained with a freezing sliding microtome (Leica). Free-floating sections were quenched with hydrogen peroxide followed by a sodium citrate/pH 6.0 antigen retrieval step. Primary antibodies were incubated for 24-48 h followed by secondary antibodies overnight. The following primary antibodies were used: human-specific α-synuclein syn208 and nitrosylated α-synuclein Syn514 (both courtesy of the Virginia Lee laboratory and previously characterized) (19, 22, 23) , TH (Sigma and Santa Cruz), CD68 (AdSerotec), EGFP (Santa Cruz), GFAP (Sigma), LRRK2 (NeuroMAB N241), and Iba1 (Wako). For immunohistochemistry, the ABC (Avidin-Biotin Complex reagent, Vector Labs) kit was used with ImmPACT-DAB (3, 3′-diaminobenzidine) substrate (Vector Labs). Most sections were counterstained using a standard Nissl staining protocol. Cell morphological analyses were performed with an Axiovision v4.8 (Carl Zeiss) automatic measurement program.
Stereology and Statistical Analysis. Unbiased stereological estimation of the total number of TH+/Nissl+/CD68+ cells in the SNpc was performed using an optical fractionator (Microbrightfield). Statistical analysis and graphs were generated with Graphpad software.
